Determination of the age of an allele based on its population frequency is a well-studied problem in population genetics, for which a variety of approximations have been proposed. We present a new result that, surprisingly, allows the expectation and variance of allele age to be computed exactly (within machine precision) for any finite absorbing Markov chain model in a matter of seconds. This approach makes none of the classical assumptions (e.g., weak selection, reversibility, infinite sites), exploits modern sparse linear algebra techniques, integrates over all sample paths, and is rapidly computable for Wright-Fisher populations up to N e = 100,000. With this approach, we study the joint effect of recurrent mutation, dominance, and selection, and demonstrate new examples of "selective strolls" where the classical symmetry of allele age with respect to selection is violated by weakly selected alleles that are older than neutral alleles at the same frequency. We also show evidence for a strong age imbalance, where rare deleterious alleles are expected to be substantially older than advantageous alleles observed at the same frequency when population-scaled mutation rates are large. These results highlight the under-appreciated utility of computational methods for the direct analysis of Markov chain models in population genetics.
are expected to be recessive and weakly deleterious, and it is conceivable that this slowdown effect could thereby mislead attempts to make inferences about natural selection.
Previous investigations of allele age, and classical approaches in population genetics more generally, have required that mutation rates are assumed to be so slow that no additional mutations can occur during the segregation of an initial variant (implying that the population-scaled mutation rate, θ, is very small or ≈0). However, cases where this assumption is violated in nature are increasingly being reported, and it is likely in such cases that classical population genetic theory will be unreliable at best 13 . While in most eukaryotes, θ is estimated to be  0.05, several examples of so-called hyperdiverse eukaryotes are known with θ between 0.05 and 0.15 14 . In bacteria, it is not uncommon for estimates of θ to be at the high end of this range or significantly larger. For example, Sung et al. 15 reported average estimates taken from the literature of θ = 0.15 for Helicobacter pylori and 0.12 for Salmonella enterica, both of significant biomedical interest. Hughes et al. 16 also reported θ in Pseudomonas syringae to be 0.55. In addition, θ in some organisms including viruses and pathogens has been estimated to be much larger, by a variety of analytical methods, with estimates often exceeding 1. For example, θ in HIV-1 has been estimated to be between 10 and 369 17 in one study, and >1 using the effective population size estimated by Pennings et al. 18, 19 together with mutation rates from other studies; similarly, θ in macaque monkeys infected with RT-SHIV (an engineered simian immundeficiency virus encoding human HIV-1 reverse transcriptase) has been estimated to be greater than one 20 . Other arguments that classical assumptions about θ may be violated in nature have also been recently put forward. For example, Messer and Petrov 21 have highlighted that most known cases of molecular adaptation across diverse organisms show signatures of soft selective sweeps (but see ref. 22 ), where adaptive alleles have multiple origins either by recurrent mutation or migration. These findings are potentially unexpected if evolution is strongly mutation-limited and may indicate that the effective population-scaled mutation rate is underestimated in many cases and/or that adaptation may tend to occur during periods of episodically large population size (and thus, high θ) 23 . We therefore decided to revisit the problem of calculating allele age based on population frequency under non-classical assumptions, and in particular to examine the impact of large values of θ on the expected age of an allele. For beneficial variants, the values of θ that we consider are expected to produce adaptive fixations that may have either multiple mutational origins or single origins 24 .
To study the effects of non-classical parameter ranges on allele age, we develop a new exact approach capable of rapidly computing moments of the allele age distribution under any absorbing discrete-time Markov chain model of population genetics. This approach exploits sparsity, parallelism, and modern computational architectures 25 , and is completely general with respect to the underlying model. It therefore requires none of the classical simplifying assumptions (e.g., weak selection, weak mutation, infinite sites, etc). For the purposes of the present study, we assumed a biallelic diploid Wright-Fisher model 26 including bidirectional mutation, selection and dominance. Computationally, our solution mainly relies on back-substitutions using an LU decomposition of a sparse matrix derived from the model's transition matrix, and does not use any matrix-matrix multiplications, which are computationally expensive. This computational implementation is similar to that in ref. 25 , where we applied sparse matrix techniques to the calculation of population genetic quantities such as the probability of fixation and sojourn times (but not allele age). To the best of our knowledge, this is the first computationally feasible, exact approach for computing allele age (or its moments) to be proposed. Calculation of the expected value and variance of allele age is fast, exact and scales easily to realistic population sizes (N e ≈ 10 5 for Wright-Fisher type models, and much larger for Moran models due to their greater sparsity; see Discussion). We have implemented this method in our software package Wright-Fisher Exact Solver, WFES 25 (available at https://github. com/dekoning-lab/wfes/).
Results
Using the approach outlined above and described fully in the Methods, we considered allele age and related quantities in a biallelic Wright-Fisher model including bidirectional mutation, selection, and dominance. For selection coefficient s and dominance coefficient h, the homozygous wildtype fitness was defined as 1, heterozygote fitness as 1 + sh, and homozygous mutant fitness as 1 + s (following standard definitions 26 ). Bi-directional mutation was modelled in the Wright-Fisher transition matrix 26 , with extinction and fixation states assumed to be absorbing. This assumption implies a return process such that when a mutant frequency of 1 is attained, the population is returned to a frequency of 0 (equivalent to swapping the labels for the wild-type and mutant states); this allows properties of average trajectories to be easily calculated based on their starting or ending states.
In a biallelic diploid model, each individual may be either wild-type or mutant at each locus and chromosome. We define an "allele" here explicitly as the mutant genotype. Thus, allele age refers to how long the mutant state has been segregating in the population, starting from a population that was monomorphic for the wild-type state. By allowing mutation, we assume that an arbitrary number of new mutations could potentially arise in the population while an initial mutant is segregating, and thus the assumption of shared ancestry of all segregating mutants is not necessarily made. In the context of classical theory it may seem unnatural to consider allele age while including mutation. However, this is because classical theory makes the assumption that mutation cannot be recurrent, while there is no such prohibition in nature. Furthermore, even when θ is large, allele trajectories include long periods of time spent at the boundaries, and it therefore remains reasonable to demarcate the behaviour of such trajectories based on their visits to the boundaries. This may no longer be true when θ is so large that a population always contains all possible alleles (  θ 1). Except where otherwise specified, all results that follow are for a rare allele observed in x = 10 copies, sampled from an effective population size of N e = 10,000 diploids. Forward and backward mutation rates were assumed equal. We consider a range of population-scaled mutation rates, θ = 4N e μ, between θ = 0.0048 and θ = 0.96, where μ is the mutation rate per site per chromosome, and N e the effective population size. Results obtained using values of θ that were two orders of magnitude smaller than θ = 0.0048 were largely similar (not shown). Validation by comparison to other methods. We first examined the correspondence between expected allele age determined by exact computation with the Wright-Fisher Markov model and the expected allele age approximated using Kimura and Ohta's diffusion approach 3 . Since Kimura and Ohta's method assumes no selection and no mutation, we ran our computations on a Wright-Fisher model having these same assumptions. Across a range of effective populations sizes and observed allele counts, the methods exhibited close correspondence (Table 1) , where Kimura and Ohta's method consistently overestimated allele age by a few generations.
We next validated our method and its implementation by comparing results to allele age simulations that included selection, dominance, and mutation ( Table 2 ). Allele age probability distributions can be approximated by simulation by reversing the direction of time in a Wright-Fisher model that is modified to have the same stationary distribution as the original (forward-time) transition matrix 27 . "Forward time" simulations of this reversed model can then be performed starting at the observed frequency, x/(2N e ), and running until the beginning of the sample path (p/(2N e ); see Methods for details). Simulations performed in this manner agreed well with the model-based computations across the entire parameter range. Allele-frequency probability distributions approximated by simulation are shown for a subset of cases in Fig. 1 . Table 2 . Representative expected allele age and variance including selection, dominance and mutation determined by simulation and exact computation. A diploid population of N e = 1,000 was assumed with p = 1 and x = 10.
Computational advantages of the exact approach. Allele age simulations were implemented in C++ and parallelized, so that their runtimes would be reasonably fast (see https://github.com/dekoning-lab/allele_ age_simulator/). Simulations were much more time consuming than the direct computation of the moments using our approach (e.g., 15 minutes versus 0.6 seconds for θ = 0.01; Table 3 ). As θ was increased, the simulations took increasingly more time both because the allele trajectories grew longer on average and because higher mutation rates also increased the variance in the duration of allele age trajectories. For θ = 0.96, running a 10 million replicate simulation over 32 cores took approximately 13 hours. On the other hand, the runtime for the exact matrix method was constant across different mutation rates and averaged about 0.5 seconds. Thus, when moments provide sufficient information, they can be obtained much more efficiently using our exact approach.
Direct demonstration of classical results. Several classical results pertaining to allele age can be directly obtained by examining expected allele age and variance as a function of selection ( Fig. 2 ). It should be emphasized that these plots are neither probability distributions nor estimates. Rather, they are the exact moments of allele age derived directly from the Wright-Fisher model, as explained in the Methods section. For rare alleles, the expected allele age has a large variance relative to the mean and the mean age is roughly symmetric with respect to the sign of the selection coefficient, with neutral alleles expected to be older than selected alleles ( Fig. 2B , leftmost column; the Maruyama effect 9 ). The symmetry of allele age with respect to the direction of selection is among the most conspicuous classical findings on allele age, and has been the subject of recent study, where different authors have both supported it using population genomic data 8 and argued against it using simulations that included linkage 28 .
Selective strolls and stochastic slowdowns. Recent work [10] [11] [12] has convincingly demonstrated, using primarily simulation and diffusion theory methods, that weakly selected alleles are sometimes expected to be older than neutral alleles observed at the same frequency when fitness in heterozygotes is non-additive. This idea was termed "selective strolls" by Mafessoni et al. 12 , referring to the observation that selected variants may sometimes persist in a population slightly longer than neutral ones. Here we directly reproduce this effect for rare recessive alleles (h = 0), where it can be seen that weakly deleterious alleles are expected to be older than neutral alleles at the same frequency ( Fig. 2A, leftmost column) , and for dominant alleles (h = 1), where it can be seen that weakly advantageous alleles are expected to be older than neutral alleles at the same frequency (Fig. 2C , leftmost column). Consistent with the findings of Mafessoni et al. 12 , it is apparent that the selective stroll effect size is not very large and is on the order of about 5%. Recurrent mutation and age imbalance. Contrary to the Maruyama effect, for population-scaled mutation rates approaching θ ≈ 1 the mean allele age becomes strongly asymmetric around s = 0 ( Fig. 2 , c.f. left to right) such that weakly to moderately deleterious alleles can on average be substantially older than advantageous alleles at the same frequency. We refer to this previously unobserved phenomenon as "age imbalance". Under age imbalance, slightly deleterious alleles are also expected to generally be older than neutral alleles at the same frequency. This new example of stochastic slowdown is observed even when heterozygote fitness is additive (i.e., with h = 0.5). The effect size in this case is substantially larger than for the previously noted slowdowns with small θ (or θ = 0; ref. 12 ). For example, expected extinction times for the oldest alleles with h = 0.5 are approximately 22.7% longer than for neutral alleles.
Rare recessive alleles (h = 0) under recurrent mutation and large θ (Fig. 2, right) experience the same effect but to an even greater degree. Recessivity and fast mutation appear to have a similar and mutually reinforcing effect on both age imbalance and the stochastic slowdown under weak selection. Both selective stroll and age imbalance results appear to be explained primarily by the average time to extinction (Fig. 3, left) , which indicates that when mutation rates are bidirectionally fast, weakly deleterious alleles counter-intuitively take longer to go extinct than do advantageous (or neutral) alleles. For h = 0 extinction times are even longer for deleterious recessive alleles than for those with h = 0.5, but now the expected fixation times also show a similar imbalance with respect to the direction of selection (Fig. 3, c.f. A and B) , which accentuates the stochastic slowdown further. Remarkably, the expected time to extinction for the oldest, weakly selected recessive alleles is about 66.9% longer than for neutral alleles ( Fig. 2A, left) . The same results for h = 1 are shown in Fig. 3C , where fixation times are shifted to the right rather than the left, which seems to largely cancel out the stochastic slowdown caused by the left-shifted extinction times.
To help explain Fig. 3 , we also calculated the conditional sojourn times for mutants that go to extinction, and compared these to sojourn times for neutral variants (Fig. 4) . For deleterious alleles, we see that the time spent at low frequencies increases as we move away from 2N e s = 0 until 2N e s = −2.53 is reached; the stronger selection is within this parameter range, the more extinction sojourns are dominated by residency at lower frequencies compared to neutral. While this trend is expected since negative selection opposes increases in allele frequency, it is surprising that the net change in non-neutral sojourn times is positive. That is, the increased time at low frequencies surpasses the decreased time spent at high frequencies, resulting in longer sojourns overall. This phenomenon has also been reported for previously noted stochastic slowdowns 11 .
Allowing the starting number of copies to vary. When population-scaled mutation rates are very high it can become plausible that an originating mutation enters the population in several copies (i.e., that it Expected allele age and variance as a function of selection, dominance, and mutation rate. All calculations were made for a rare allele (x = 10) assuming N e = 10,000 diploids. When heterozygote fitness is non-additive, weakly selected alleles are expected to be older than neutral alleles observed at the same frequency ((A,C) left). When mutation is weak and heterozygote fitness is additive, allele age is symmetric with respect to the direction of selection ((B) left). When the mutation rate increases, an age imbalance with respect to the direction of selection appears (left to right). Full results over a larger grid of θ can be found in Fig. S1 . simultaneously occurs in several individuals). For example, when θ = 0.96, the average number of mutations entering the population per generation is 0.96/2 = 0.48, so on average there will be a new mutation every two generations. The probability of a population generating multiple copies of the mutant allele in a single generation, assuming mutations are Poisson distributed, is ≈0.38. This may pose problems for any method for calculating allele age, since when the likelihood of a population simultaneously generating more than one mutant becomes non-negligible, the starting number of copies, p, should be integrated out.
To integrate over p we consider the probability of starting in p copies, given that λ θ ∼ = p Poisson ( /2). This can be easily implemented in our computational procedure starting at Equation 8 by reusing the LU decomposition of (I − Q) T , which does not depend on p (see Methods). Since this decomposition is by far the most computationally expensive operation, the integrated solution is trivially harder than when assuming a single starting copy. In addition, since the probability of large numbers of mutations occurring in the same generation will typically be negligible, we define a threshold ε such that only starting configurations with a probability greater than ε are considered. Below, we assumed ε = 10 −5 .
In Fig. 5 we show the effect of numerically integrating over p when θ = 0.96 for the range of mutation rates, selection coefficients, and dominance coefficients considered throughout the manuscript. In most cases, the results were identical at better than three to four decimal places, and only began to diverge slightly when θ was very large (i.e., θ = 0.96). It is possible that other statistics of the Markov process might change more than this as a function of p, and thus to be conservative one may choose to always integrate over p (particularly since this adds only seconds to the compute time). However, we conclude that assuming p = 1 (as is done by convention in all previous studies of allele age that we are aware of) is likely to introduce no bias unless θ is quite large (i.e., 1).
Discussion
Computational population genetics approaches offer the relatively straightforward ability to explore parameter ranges or assumptions that may be inaccessible to classical theory. Usually simulations are used to address scenarios where the assumptions of classical theory may be violated. However, simulations can often be slow, require long runtimes to obtain precise estimates for rare events, and can scale poorly to large populations. An alternative computational approach is to find a class of models whose properties can be interrogated directly, without the need for simulation. For example, Steinruecken et al. 29 recently showed how the transition density function of biallelic Wright-Fisher diffusions 30 could be approximately computed, eliminating the need for a variety of simulations (although allele age has not been considered in this framework). Here we have shown that even the exact computational analysis of biallelic Markov models (including Wright-Fisher models) can be made efficient enough to often eliminate the need for either simulations or diffusion approximations in the first place. Markov chain models are typically discounted early in the lifecycle of a population genetic investigation in favour of diffusion approximations, since they are widely viewed as impractical to work with due to their large and potentially unwieldy state spaces. Contrariwise, here and elsewhere 25 , we have shown that judicious computation, sparsity, and parallelism can be together exploited to rather surprising effect, making exact computation under general Markov models not only tractable but capable of generating new insights with ease. Working directly with the underlying Markov models of population genetics has a number of advantages. For example, when strong mutation is included, absorbing boundaries can artificially become inaccessible in a diffusion. There is no corresponding problem when studying the unapproximated Markov chain. In addition, diffusion approaches cannot easily describe behaviours at the absorbing boundaries (but see ref. 31 ).
One of the most appealing aspects of this computational population genetics approach is that it is general with respect to underlying modelling assumptions, as long as they can be expressed as a finite absorbing Markov chain. This approach also has several advantages over simulations, including fast runtimes that are relatively insensitive to modelling assumptions (Table 3) , and exact results (within machine precision) even for small effects or rare events that would otherwise require long-run, high replicate simulations to study. For a population size of N e = 10,000, exact calculation of the expected allele age and variance, absorption probabilities and times, and conditional sojourn times, takes only about 6.5 seconds using 16 Intel E5-2670 cores (2.60 GHz) in our reference implementation 25 . Models with greater sparsity are even faster and can scale much better. For example, the same analysis under a comparable Moran model takes only about 0.25 seconds 25 .
The method proposed for calculating allele age is based on the efficient computation of the moments of the probability distribution of allele ages. It is therefore appropriate to view these quantities not as estimates, but as exact results for a given model. An advantage of this approach is that the expected value of the allele age probability distribution will more often be much closer to the true allele age than would a maximum likelihood estimator, since the age distributions are both highly skewed and very long tailed (see Fig. 1 ). A potential disadvantage is that we must assume that the true population frequency is known without error. In cases where it is not, error in the observed frequency could be accounted for by computing allele age for a range of population frequencies centred on the observed value.
As shown in Fig. 2 , classical allele age results 3, 9, 32 can be easily obtained for general population genetic models with our approach. We also reproduced exact representations of recently discovered effects, such as "selective strolls", which have a smaller effect on expected allele age when mutation rates are low (also see ref. 12 ). By exploiting the generality of our approach, we discovered new evidence for a stochastic slowdown that occurs when bidirectional mutation is fast, such that rare, weakly deleterious alleles are expected to be substantially older than neutral alleles. In the most extreme case, average extinction times for the oldest alleles were 22% and 68% longer than for neutral alleles (for h = 0.5 and h = 0, respectively). Finally, we found that when relaxing the assumption of weak mutation, a large age imbalance arises with respect to selection, such that rare deleterious alleles are expected to be old and rare advantageous alleles very young. This may be explained in part by the expectation that with strong mutation pressure and positive selection, allele frequencies will rise rapidly following origination. When this is true, the best explanation for a beneficial allele being rare is that it only arose quite recently. This expected rapid rise in mutant frequency under strong mutation and positive selection may also be responsible for the much faster extinction times for beneficial alleles compared to deleterious ones ( Fig. 3: left) , since the longer beneficial alleles persist, the more likely their frequencies are to be pushed upwards towards fixation. Consequently, the mutants that go to extinction are most likely to do so quickly.
A potential limitation of our approach to calculating allele age is that we have assumed equilibrium demography with constant population size. However, this is a limitation of our implementation rather than of the method itself. One solution to this problem is to consider instantaneous switches among different population sizes under a Markov-modulated model. By virtue of our sparse linear algebra approach, this would only be linearly more difficult than the constant population size approach. It could also have advantages over existing diffusion theory methods 33 , for example, by faithfully modelling an increase in the population mutation rate during population growth that includes the effect of recurrent mutation. Such considerations may be important for understanding adaptation in organisms with "boom and bust" population dynamics 23 . We leave exploration of these ideas for future work.
Methods
Theory. Let X(t) be an absorbing discrete-time Markov chain with known transition matrix P and state-space defined by the number of copies of a mutant allele in a population of N e effective diploid individuals. Let Q be the submatrix of P that contains only transient-to-transient state transitions. Assume that the current number of mutant alleles x is a transient state, so the allele in question is neither extinct nor fixed. We also assume that the allele entered the population at a specific frequency p/(2N e ), where p is a transient state (we later show how this assumption can be relaxed). In practice, we consider p = 1 unless stated otherwise.
The probability of transitioning from state p to state x in time t is simply P p x t , , or equivalently Q p x t , since both p and x are transient states. Since the Markov chain is absorbing,
is finite 34 , where I is the identity matrix. This finiteness allows us to fix x and p and specify a probability distribution of the allele age. A complete measure theoretic construction of this distribution can be found in the supplementary material S1 Appendix. The exact moments of this distribution can be written in terms of the matrix Q by using matrix sum identities. We show the first three below using [A] b,c to denote the entry in the b-th row and c-th column of matrix A. The expected allele age is given by μ 1 , and the variance is given by µ µ − 2 1
2 . It is interesting, and relevant if the reader wishes to compute higher moments than those listed above, to notice that the k-th moment μ k is closely linked to the matrix polylogarithm function Li −k (Q) by the following equation. Combining equations 6 and 7 therefore allows for the rapid symbolic computation of the closed-form expressions for any moment μ k .
Implementation. Computation of the moments in Equations 3, 4 and 5 can be greatly simplified. This simplification requires obtaining a single LU decomposition of a sparse matrix and using it to solve multiple linear systems by back-substitution. This computational approach is similar to our approach in ref. 25 , where it was applied to the calculation of quantities such as the probability of fixation and sojourn times. The first step is to calculate the LU decomposition of (I − Q) T , where T denotes transpose. LU decomposition has a theoretical time complexity on the same order as matrix multiplication, and thus can be as large as O(n 3 ) floating point operations for a dense n × n matrix. However, much faster solutions are possible for sparse matrices, which scale in terms of the number of non-zero entries (e.g., refs 35, 36 ). For Wright-Fisher models, Q and hence (I − Q) T , are typically very sparse (at machine precision), and thus a potentially large time savings can be obtained by exploiting this sparsity. Computation of the LU decomposition is by far the most time-intensive step, but we find it is still feasible for population sizes around 10 5 on typical workstation computers as of the time of writing 25 . As noted earlier, much larger effective population sizes can be easily considered with the more sparse Moran model.
The second step is to use forward and back substitution to solve multiple linear systems. Given the LU decomposition, this is quite fast and typically requires only a few seconds. First we solve for M 1 in
where e p is the p-th column of the identity matrix. Note that M T 1 is the p-th row of (I − Q) − so that M T 2 is actually the p-th row of (I − Q) −2 . We next take the dot product of M T 2 with the x-th column of Q, which we call Q x .
which is what was required in the numerator of Equation 3. We repeat the procedure and solve for M 3 in
In order to compute the numerator of the second moment, we also need the x-th column of Q(I + Q), which we call A x . Note this does not in any way necessitate a full matrix multiplication, as we require only the x-th column. Although this is potentially an expensive O(n 2 ) computation, in practice, sparsity makes it trivially easy. Now we have Hence we have calculated all necessary components of the expected value and variance as given in Equations 3 and 4.
The computation of higher moments can be easily implemented as well. To do this, one would first use equations 6 and 7 to obtain closed-form expressions for the needed moments. We recommend using a factored form of the expression so that matrix multiplication is never required in the implementation (it is a convenient property of the polylogarithm that all closed-form expressions of Li −s (z) factor completely over the reals). The implementation would then require extending the above algorithm as needed, i.e. iteratively solving
T is the p-th row of (I − Q) −k . We have implemented this approach for the first two moments in our software package Wright-Fisher Exact Solver, WFES 25 (available at https://github.com/dekoning-lab/wfes/). In practice it takes only seconds to minutes to calculate the relevant quantities for population sizes under N e = 100,000.
As an aside, we note that the full probability distribution can also be feasibly approximated for small N e to an arbitrary degree of precision by taking the summation in equation 2 to some large finite value.
Simulations
In order to simulate a distribution of allele ages, we must reverse the process, i.e. use the reversed absorbing Markov chain. Specifically, the simulation will start at state x and essentially run backwards in time until it hits state p. It will then either keep going, or stop with a probability equal to the probability that the current visit to state p is the beginning of the chain (when the mutation first entered the population). This backwards simulation can be done by creating a reversed transition matrix and running it in a forwards simulation.
We use the method presented in Chae et al. 27 , which is as follows. The states of the reversed absorbing Markov chain are {1, 2, …, 2N e − 2, 2N e − 1, stop}, where the stop state is absorbing and all others are transient. The reversed Markov chain does not regard fixation or extinction as absorbing states, and in fact does not allow transition to these states at all.
Let P′ be the matrix of transition probabilities of the reversed absorbing Markov chain. In its canonical form,
We have 
where Q and N are the transient-to-transient state transition matrix and the fundamental matrix, respectively, of the original Markov chain. (Note that N here is used by convention to represent the fundamental matrix and has no relationship to N e defined above).
